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ABSTRACT: Many technologically relevant semiconductors contain toxic, heavily regulated (Cd, Pb, As) or relatively scarce (Li, 
In) elements, and often require high manufacturing costs. We report a facile, general, low-temperature, and size tunable (4–28 nm) 
solution phase synthesis of ternary APnE2 semiconductors based on Earth-abundant and biocompatible elements (A = Na, Pn = Bi, E 
= S or Se). The observed experimental band gaps (1.20–1.45 eV) fall within the ideal range for solar cells. Computational investigation 
of the lowest energy superstructures that result from ‘coloring’, caused by mixed cation sites present in their rock salt lattice agree 
with other better-known members of this family of materials. Our synthesis unlocks a new class of low cost and environmentally 
friendly ternary semiconductors that show properties of interest for applications in energy conversion. 
INTRODUCTION 
Many technologically relevant semiconductors contain toxic 
and highly regulated elements such as Cd, Pb, or As. Others 
contain elements that are relatively scarce or poorly distributed 
in the Earth's crust, such as In (0.05 ppm abundance) or Li (17 
ppm),1 respectively. In contrast, alkali metal-based APnE2 sem-
iconductors are made of relatively abundant and/or biocompat-
ible elements such as Na or K (A), Sb or Bi (Pn), and S or Se 
(E). The presence of Bi in these compounds is particularly be-
nign because, despite its location among the ‘poisoner’s corri-
dor’ of the periodic table (along with Cd, Hg, Tl, Pb, Po, Rn), 
Bi-containing compounds are regularly used in cosmetics (Bi-
OCl) and pharmaceuticals (Pepto-Bismol®).2 In addition, while 
relatively scarce (0.03 ppm),1 Bi is overproduced during Pb 
mining,3 leading to a similar market price to that of Ni or Ti 
(0.96–0.99 ¢/g). 
Ternary APnE2 compounds (A = Li, Na, K, Rb, Cs, Cu, Ag, 
Tl; Pn = As, Sb, Bi; E = S, Se, Te) are an interesting class of 
semiconductors that hold great technological promise. These 
materials often adopt a rock salt structure, with the chalco-
genide (E) forming an fcc lattice, and a mixture of monova-
lent/trivalent cations (A/Pn) occupying the octahedral holes 
(Fig. 1). This disordered structure and the presence of polariza-
ble lone s2 electrons on Pn4 lead to efficient phonon scattering,5 
which explains the inherently low thermal conductivity of AgS-
bTe2 and AgBiSe2.
6 AgSbTe2 exhibits a thermoelectric zT fig-
ure of merit of 1.3 at 720K,5,7 rising to 2.2 at 800K upon alloy-
ing with PbTe (lead-antimony-silver-tellurium, or LAST).8 
AgSb0.96Zn0.04Te2 has a zT of 1.9 at 585K, one of the highest 
among mid-temperature, p-type thermoelectrics.9 In addition, 
photovoltaic solar cells made of nanocrystalline AgBiS2 have 
reached a 6.3% certified power conversion efficiency.10 
 
 
Figure 1. Rock salt structure with mixed cation sites of ternary 
APnE2 compounds.  
 
Alkali metal-based APnE2 compounds are usually prepared 
by high temperature solid-state synthesis. A common reaction 
employs alkali metal carbonates or chalcogenides with either a 
mixture of Pn (Sb or Bi) and E elements or pnicto-chalcogenide 
precursors at temperatures between 600–800 C.11,12 To our 
knowledge, there are only a few reports on the solution-phase 
synthesis of NaBiS2.
13,14 An intermediate NaBiS2 phase forms 
during the hydrothermal synthesis of Bi2S3.
15,16 However, at-
tempts to isolate it resulted in highly aggregated, polydisperse 
NaBiS2 particles.
13,14 In contrast, reports on the solution phase 
synthesis of coinage metal(A)-based ABiE2 compounds, in 
some cases with excellent particle uniformity, are more com-
mon.10,17 Nevertheless, the synthesis of more affordable and bi-
ocompatible alkali-based APnE2 compounds remains underde-
veloped. 
 
RESULTS AND DISCUSSION 
Solution grown NaBiS2. We have successfully prepared Na-
BiS2 from the reaction between commercially available NaH, 
Ph3Bi and elemental sulfur in 1-octadecene (ODE) (Scheme 1). 
At 180 °C, single crystallite domains—Scherrer particle sizes 
measured by powder X-ray diffraction (XRD) peak widths—
increase from 13±1 nm at 0.5 h to 28±6 nm after 3 h (Fig. 2, 
Table 1). In the absence of added surface-binding ligands, trans-
mission electron microscopy (TEM) shows particles with sizes 
 
consistent with those calculated from XRD (see SI). A very 
small amount of Na2SO3 (minor phase)—likely produced from 
post synthetic oxidation of HS- intermediate upon exposure to 
air18 is sometimes observed, but is easily removed with a water-
ethanol mixture (see below and Experimental section). Extrap-
olating the linear region of direct ((Abs·h)2) and indirect 
((Abs·h)1/2) Tauc plots (vs. h)19 made from optical absorption 
measurements yields apparent band gaps of 1.41(0.5 h)–1.37(1 
h) eV and 1.07 eV(0.5–1 h), respectively. These values are in 
rough agreement with prior literature data that report NaBiS2 
band gaps ranging from 1.4 eV (direct, from experiment)13 to 
1.28 eV (indirect, from theory).20 We note that both direct and 
indirect gaps may be present in NaBiS2, as observed with other 
semiconductors such as RbBiS2,
21 NaSbS2,







Figure 2. Powder XRD (a), corrected solid-phase diffuse-re-
flectance (b, see SI), and solution-phase absorption (c) of 
NaBiE2 made in the presence (c) or absence (b) of oleylNH2. 
 





Size (nm) Eg (eV)b 
Scherrer TEM d. i. 
NaBiS2c ODE 180 3 28±6 n.d. 1.37 1.07 
NaBiS2 
ODE + 10 eq. 
oleylNH2 
180 3 27±4 n.d. 1.41 1.01 
NaBiS2 oleylNH2 180 3 17±3 n.d. 1.43 1.11 
NaBiS2 oleylNH2 180 tod 10±1 18±4 1.45 1.20 




180 2 4±1 4.4±0.7 1.38 1.16 




180 3 25±2 21±5 1.23 1.10 
a[Na]0 = [Bi]0 = [E]0/2 = 0.023 M; see experimental. bDirect (d.) & indirect (i.) band gaps 
(Eg) from Tauc plots.19 cBenzene and 73% unreacted Ph3Bi observed by GC-MS (see SI). 
dImmediate cooling (to < 10 s). eMajor morphology. 
 
Effect of added ligands. Replacing ODE solvent with neat 
N-oleylamine (oleylNH2) while keeping other conditions con-
stant (3 h at 180 °C) decreases the NaBiS2 Scherrer size to 17±3 
nm (Fig. 2, Table 1). Immediate removal from the heating man-
tle upon reaching the reaction temperature (< 10 s at 180 °C) 
further decreases the Scherrer size to 10±1 nm. The effect of 
oleylNH2 appears to be two-fold as, in addition to decreasing 
particle size, it decreases the NaBiS2 nucleation temperature to 
only 70 °C, compared to 180 °C in the absence of ligand (neat 
ODE). Combining these two effects, i.e., running the reaction 
for 10 min at 70 °C results in a Scherrer size of only 3.3±0.5 
nm. 
The use of more strongly binding ligands is often used to en-
hance the morphology, size distribution and colloidal stability 
of nanocrystals. However, alternative ligands do not always al-
low the formation of the desired ternary product. For example, 
introducing trioctylphosphine (TOP)—known as a mild reduc-
ing agent under a range of conditions25 leads instead to the for-
mation of metallic Bi (see SI). Introducing 2-aminoethanethiol 
to an aqueous mixture of Na2S·9H2O and Bi(acetate)3 produces 
black, amorphous solids, regardless of the pH used (2.4, 7 or 
12). 
Similarly, other precursors and conditions that have been 
used to prepare coinage metal(A)-based ABiS2 materials
10 are 
not easily translated to the preparation of NaBiS2. For example, 
introducing free oleic acid to our synthesis produces binary 
Bi2S3, likely because it quickly reacts with NaH to form Na(ole-
ate). Reaction between Na(oleate), Ph3Bi and S in ODE at 140 
°C results in phase segregated Na(oleate) and binary Bi2S3. We 
have succeeded in introducing strong-binding carboxylate lig-
ands to our synthesis by utilizing carboxylate-based precursors 
of both metals. Specifically, reaction between Na(oleate), 
Bi(neodecanoate)3 and S in neat oleylNH2 at 180 °C yields Na-
BiS2 nanocrystals with a 4±1 nm Scherrer size (Table 1). 
Direct and indirect band gap values19 measured for all solu-
tion grown NaBiS2 samples remain at 1.38–1.45 eV and 1.01–
1.24 eV, respectively, indicating that quantum confinement is 
not present in these samples, unlike the related AgBiS2 sys-
tem.26,27 However, their absorption edges become systemati-
cally sharper with decreasing particle size (see SI). We also 
measure a relatively large extinction coefficient of 104 cm-1M-1. 
Based on these observations, we hypothesize that the apparent 
band gap of NaBiS2 transitions from mostly indirect to mostly 
direct as particle size decreases, as seen for MoS2.
28 
Our solution-phase synthesis thus enables access to a rela-
tively wide range of NaBiS2 particle sizes (4–28 nm), specifi-
cally through tuning the concentration of added oleylNH2, reac-
tion temperature and time, and through the choice of metal ion 
precursors used. Further, in all cases studied, even a small 
amount of oleylNH2—as little as 10 equiv. relative to Na and 
Bi—vastly improves solubility and colloidal stability, likely by 
helping passivate the NaBiS2 particle surface and suppressing 
agglomeration. TEM analysis shows that the NaBiS2 morphol-
ogy ranges from uniformly spherical without agglomeration for 
the smallest nanocrystals made with carboxylate precursors in 
oleylNH2, to cuboctahedral for the larger particles made in the 
absence of ligands (see SI). Single area electron diffraction 
(SAED) is consistent with the XRD of phase pure NaBiS2 (Fig. 
3). Elemental mapping of the smallest NaBiS2 nanocrystals by 
energy dispersive X-ray spectroscopy (EDX) yields a slightly 
metal-rich stoichiometric composition of Na1.18Bi1.17S2, likely 
compensated by the binding of the anionic ligands.29 
 
  
3NaH + Ph3Bi + 3E                NaBiE2 + 3Ph-H + Na2E
T, t
S
E = S or Se
T = 70–180 °C
S = ODE, oleylNH2, or both
 
 
Figure 3. Representative TEM image (a) and SAED (b) of 
small (4.4±0.7 nm) NaBiS2 nanocrystals prepared with carbox-
ylate ligands. 
 
Extension to NaBiSe2 and mechanism. Successful extension 
to the synthesis of NaBiSe2 highlights the generality of our 
method. Replacing elemental S with Se while maintaining sim-
ilar reaction conditions (NaH, Ph3Bi, 180 °C for 3 h) results in 
NaBiSe2 with a Scherrer size of 10±1 nm. A sharp absorption 
edge is observed, corresponding to either a 1.22 eV direct or a 
1.10 eV indirect band gap (see above). Either value is signifi-
cantly larger than that previously reported of 0.28 eV.11 How-
ever, this latter literature measurement came from a NaBiSe2 
sample made from Na2CO3 and Bi2Se3;
11,30 therefore, a possible 
explanation may be the presence of unreacted Bi2Se3, which is 
known to have a band gap of only 0.3 eV.31 
TEM shows that NaBiSe2 prepared in the absence of ligands 
is mainly comprised of spherical particles (135 nm, Table 1); 
it also contains a minor fraction of cubes, sheets, and wires 
(8.40.8 diameter and 570160 nm length with (111) lattice 
fringes perpendicular to their axis) (see SI). Semiconductor 
nanowires typically form through a solution-liquid-solid (SLS) 
mechanism, a heterogeneous nucleation process catalyzed by a 
seed of a low melting metal, such as Bi.32,33 Thus, the observa-
tion of NaBiSe2 nanowires strongly suggests that Ph3Bi decom-
poses into an intermediate Bi phase prior to the formation of 
NaBiSe2. Facile, low temperature (80 C) reduction of Bi(III) 
precursors to Bi with both strong and mild reducing agents is 
well known.34,35 
XRD monitoring of phase evolution after introducing 
oleylNH2 provides additional mechanistic insights. Immediate 
removal from the heating mantle upon reaching the reaction 
temperature (< 10 s at 180 °C) and isolation by centrifugation 
reveals a mixture of unreacted Se, Bi and Na2SeO3 (selenite). 
After 0.5 h, Se is completely consumed and NaBiSe2 (major), 
Bi0 and Na2SeO3 (minor) phases are observed. After 3 h, only 
phase pure NaBiSe2 is present. The observation of Na2SeO3 at 
early reaction times strongly indicates the formation of an inter-
mediate HSe- species. Produced by the reaction between NaH 
and dissolved Se, HSe- is easily oxidized post synthesis upon 
exposure to air to produce Na2SeO3—similar to the observation 
of Na2SO3 in the synthesis of the lighter ternary disulfide (see 
above).18 The reaction between the metallic Bi and HSe- inter-
mediates and dissolved Se regenerates Bi(III) and produces Se2-
, as required for the formation of the final product. This type of 
redox cycling, while counterintuitive, has ample precedent in 
the literature.36,37 
Introducing oleylNH2 to the synthesis produces NaBiSe2 
nanocrystals with a Scherrer size of 25±2 nm and an absorption 
edge corresponding to direct or indirect band gaps of 1.23 or 
1.10 eV, respectively (Fig. 2). These nanocrystals display a very 
large extinction coefficient of 106 cm-1M-1. HR TEM and SAED 
reveal uniform 21±5 nm particle size and morphology (Fig. 4 
and SI). Slow leaching of Na when exposed to the electron 
beam—known to easily reduce and vaporize alkali metals38,39  
may be responsible for the observed slightly off-stoichiometric 
EDX composition of Na0.8Bi1.2Se2. 
 
 
Figure 4. Representative EDX elemental mapping (a), HR 
TEM (b), and fast Fourier transform (FFT) (b) of NaBiSe2 nano-
crystals prepared with oleylNH2 at 180 °C for 3 h. 
 
Surface chemistry. The infrared (IR) spectra of ligand-stabi-
lized NaBiS2 and NaBiSe2 show stretching and bending modes 
typical of unsaturated amines (see SI), indicating both are 
capped with oleylNH2. The IR spectrum of NaBiS2 also con-
tains three strong extra peaks at 1133 cm-1 (C=S), 1007 cm-1 (C-
N) and 675 cm-1 (C-S),40 which were previously shown to arise 
from thioamides, amidines, and thioethers formed upon reac-
tion of oleylNH2 with elemental S.
41,42 
X-ray photoelectron spectroscopy (XPS) shows that Na+, 
Bi3+, E2- and R-NH2 surface species are present in both NaBiE2 
compounds (see SI). The XPS spectrum of NaBiS2 shows one 
additional SO4
2- species, indicating this material undergoes sur-
face oxidation upon exposure to air (within ca. 20 min). We 
note that this sulfate species is unrelated to the sulfite species 
formed post synthesis when not all the HS- intermediate was 
consumed during the synthesis of NaBiS2 (as observed by XRD, 
see above). The lack of a similarly oxidized Se species in 
NaBiSe2 suggests its surface is comparatively more resistant to 
oxidation. 
Interestingly, we observe that NaBiS2 crystals larger than 10 
nm lose colloidal stability within 2 h after exposure to air, even 
though they are stable for over 1 mo. when stored in a dry glove-
box. In contrast, smaller, 4.2 nm NaBiS2 crystals are stable for 
at least 3 days upon exposure to air. We rationalize this size-
dependent stability toward oxidation based on the well-known 
surface structures of other rock salt materials. For example, IV-
VI semiconductors display cation-rich surfaces composed of 
Pb-only (111) or stoichiometric PbE (100) facets.29 A decrease 
in particle size is accompanied by a shape transition from cub-
octahedal (both (111) and (100) facets) to octahedral (only 
(111) facets).43  In other words, the rock salt surface becomes 
more cation rich with decreasing particle size. Because the 
oleylNH2 used here is an L type ligand that preferentially binds 
to cations,44,45 it makes sense that smaller particles containing 
 
mostly cation-only (111) facets are better passivated and thus 
more stable against surface oxidation.36 Additional enhance-
ment in colloidal stability results when a more strongly-binding 
surface ligand such as X-type (anionic), bidentate carboxylates 
are used.44,45 Small carboxylate-stabilized NaBiS2 nanocrystals 
are soluble as crude or toluene solutions for over two weeks 
without signs of precipitation. Additional surface ligand engi-
neering will be required to further enhance the stability of larger 
sized particles. 
Correlating theory and spectroscopy. The mixed cation site 
occupancies in rock salt APnE2 compounds are a consequence 
of various superstructures known as ‘coloring’ patterns in solid 
state chemistry.46–48 Thus, a thorough analysis of these coloring 
patterns is required to understand their optoelectronic proper-
ties. Partial computational investigations into the band gap of 
alkali-based ABiS2 compounds exist,
19,49 but a wider selection 
of coloring patterns and their relative stability remain to be in-
vestigated. 
Each chalcogenide in the rock-salt structure is octahedrally 
coordinated to six cations that may have different A:Bi ratios 
of: 3:3, where three similar cations lie on the same plane (mer) 
or face (fac) of the octahedron; 4:2 and 2:4, where two similar 
cations are in opposite (trans) or neighboring (cis) positions rel-
ative to each other; 1:5 and 5:1; and 6:0 and 0:6 (Fig. 5a). 
Among these, the 3:3 fac octahedra can be used to build two 
possible extended structures: rhombohedral (R3̅m, known as 
L11
5 and AF-II50,51), with alternating A and Bi layers sand-
wiched in between E layers; and cubic (Fd3̅m, known as D45 
and AF-IIb50,51), where every (001) plane alternates between 
rows of a single cation or alternating A and Bi (Fig. 5b). Color-
ing patterns of 6:0 and 0:6 cannot be used to build a ABiE2 stoi-
chiometry and need not be considered. 
 
 
Figure 5. (a) Site occupancies of AxBi6-xS octahedra that can be 
used to build rock salt ABiE2 compounds. (b) Calculated ener-
gies for the local superstructures derived from the possible col-
oring patterns46–48 in (a) (relative to lowest energy 3:3 fac L11, 
see Methods). 
 
Using the Vienna Ab-initio Simulation Package (VASP)52 
with the local density approximation (LDA) yields two rela-
tively close, lowest energy superstructures 3:3 fac L11 (0 in Fig. 
5b) and 3:3 fac D4 (E = +0.2 meV), which agrees with previ-
ous calculations on other APnE2 compounds.
5,50,51 Density of 
states (DOS) calculations for the lowest energy superstructure 
(3:3 fac L11) obtained using TB-mBJ
53,54 yield band gap values 
that are 30-50% larger than those experimentally observed for 
“bulk” NaBiS2 and NaBiSe2 obtained in the absence of added 
ligands (Fig. 6). To probe this issue, we performed similar band 
gap calculations for the related compound AgBiS2, and found a 
very similar overestimation of 50% (see SI). A recent theoreti-
cal study of AgBiS2, using more accurate HSE06 hybrid func-
tions yielded even higher values (overestimation of 93%), and 
attributed this discrepancy to cation disorder.55 Therefore, the 
band gaps of NaBiS2 and NaBiSe2 may be tunable through ad-
ditional synthetic manipulation of the extent of cation disorder 
present in these systems. 
 
 
Figure 6. Experimental, and theoretical band gaps for two low-
est energy superstructures (both 3:3 fac), of NaBiS2 and 
NaBiSe2.     
 
CONCLUSION 
Herein, we report a facile, general, low-temperature and size-
tunable solution phase synthesis of ternary alkali bismuth 
dichalcogenides (ABiE2) that utilizes readily accessible, com-
mercially available precursors. The synthesis of NaBiS2 is very 
sensitive to the specific choice of precursors and ligands. For 
example, oleylNH2 results in NaBiS2 while, depending on the 
precursors used, free (protonated) oleic acid or TOP can lead to 
Bi2S3 or metallic Bi, respectively. Controlling oleylNH2 con-
centration, reaction temperature and time, and introducing car-
boxylate-based precursors give access to particle sizes between 
4–28 nm. OleylNH2, in particular has a three-fold effect: it de-
creases particle size, it improves colloidal stability, and it re-
duces the nucleation temperature of NaBiS2 to as little as 70 °C. 
The NaBiS2 prepared in this way displays an inverse relation-
ship between air stability and particle size. Similar to other rock 
salt IV-VI compounds, NaBiS2 particles larger than >10 nm 
lose colloidal stability within 2 h after exposure to air. In con-
trast, smaller NaBiS2 particles contain a larger fraction of cat-
ion-only (111) facets and are better passivated by carboxylates 
 
and/or oleylNH2, remaining stable for at least 2 weeks after ex-
posure to air. XPS taken within 20 min of exposure to air shows 
the presence of oxidized chalcogen species (SO4
2-) on the sur-
face of NaBiS2, but not on the surface of NaBiSe2, indicating 
the former is more prone to surface oxidation. 
Successful extension to the preparation of both NaBiS2 and 
NaBiSe2 demonstrates the generality of our synthetic method. 
The inability to grow NaBiSe2 below 180 °C suggests that for-
mation of NaBiSe2 is significantly slower than that of NaBiS2. 
A phase evolution XRD study of NaBiSe2 formation as a func-
tion of time found that both metallic Bi and HSe-—observed 
indirectly as its air-oxidation product, Na2SeO3—are intermedi-
ates in the reaction. Therefore, we propose a mechanism 
whereby NaH reacts first with Ph3Bi and Se to form Bi and HSe
-
, respectively. Subsequently, Bi and HSe- react with Se to pro-
duce the ternary NaBiSe2 phase. The available evidence (for ex-
ample, the observation of Na2SO3 in some cases) points to a 
similar mechanism for the formation of NaBiS2. 
We note that both direct and indirect band gaps may be pre-
sent in NaBiS2, as observed with other semiconductors includ-
ing NaSbS2, RbBiS2, Ge, and CH3NH3PbI3. Tauc analysis of the 
optical absorption edge in solution-made NaBiS2 yields appar-
ent band gaps that are consistent with prior literature data, 
namely: 1.4(direct)–1.07(indirect) eV. Interestingly, the Na-
BiS2 absorption edge becomes sharper for smaller particles, 
suggesting a transition from indirect to direct with decreasing 
particle size, as seen for MoS2. Similar 1.2(direct)–1.1(indirect) 
eV band gap values for NaBiSe2 indicate that the previously re-
ported value of 0.28 eV was actually due to sample contamina-
tion by the well-known narrow band gap binary, Bi2Se3. Both 
NaBiS2 and NaBiSe2 nanocrystals exhibit large extinction coef-
ficients in the range 104–106 cm-1M-1, suggestive of direct band 
gap character. 
Ternary alkali bismuth dichalcogenides have various possible 
coloring patterns due to their mixed cation sites. Using ab initio 
calculations, we determined the lowest energy superstructures 
that result from these coloring patterns, and found 3:3 fac L11 
and 3:3 fac D4 to be lowest in energy. TB-mBJ calculations 
yield theoretical band gap values that are 30-50% larger than 
those experimentally observed for solution-made NaBiS2 and 
NaBiSe2. This is consistent with a similar overestimation of 
50% for the better studied ternary material AgBiS2. As observed 
in this system, such overestimation is accounted for by addi-
tional cation disorder in the crystalline lattice. In contrast to 
many technologically relevant semiconductors made of highly 
regulated (Cd, Pb, As) or poorly distributed elements (Li, In), 
ternary NaBiS2 semiconductors are made of relatively abundant 
and biocompatible elements. We believe the experimental and 
computational results reported here will help advance the fun-
damental study and exploration of these and similar materials 
for energy conversion devices. 
 
EXPERIMENTAL SECTION 
Materials. Sulfur (99.999) and oleic acid (90%) were pur-
chased from Alfa Aesar; NaH (95%,) from Sigma; 1-octade-
cene (ODE, technical grade, 90%), oleylamine (oleylNH2, tech-
nical grade, 70%), bismuth(III) neodecanoate and selenium 
(100 mesh powder, 99.99%) from Aldrich; Ph3Bi (99%), 
trioctylphosphine (TOP, min. 97%), and sodium oleate (99%) 
from Strem; toluene (99.9%) from Fisher. All chemicals were 
used as received. 
Synthesis. Selenium stock solution. Se powder (2.20 mmol, 
174 mg) and anhydrous ODE (22 mL) were heated at 180 °C 
for 5 h until homogeneous. Synthesis without added ligands. 
NaH (0.11 mmol, 2.9 mg), Ph3Bi (0.11 mmol, 50 mg), chalco-
gen (0.22 mmol, 7.3 mg S or 2.3 mL of Se stock solution), and 
degassed ODE (5 mL for S or 2.7 mL for Se) were stirred under 
Ar for 0.5–1 h, heated at 180 °C for 3 h, then cooled by removal 
from the heating mantle. CAUTION! NaH is a highly corrosive, 
flammable solid that releases H2 upon exposure to acids and 
moisture. NaH should be handled under inert gas. NaBiS2 ligand 
screening. NaH (0.11 mmol, 2.9 mg), Ph3Bi (0.11 mmol, 50 
mg), S (0.22 mmol, 7.3 mg), ligand (1.1 mmol, 0.52 mL TOP 
or 0.40 mL oleic acid or 0.54 mL oleylNH2), and enough de-
gassed ODE to complete a total volume of 5 mL were stirred 
under Ar at 21 °C (RT) for 0.5–1 h, heated at 180 °C for 3 h, 
then cooled by removal of the heating mantle. Effect of 
oleylNH2. NaH (0.11 mmol, 2.9 mg), Ph3Bi (0.11 mmol, 50 
mg), chalcogen (0.22 mmol, 7.3 mg S or 2.3 mL Se stock solu-
tion), and degassed oleylNH2 (5 mL for S or 2.7 mL for Se) 
were stirred at RT under Ar for 0.5–1 h, heated at 70 C or 180 
°C for 0–3 h (see discussion above and Table 1), then cooled by 
removal of heating mantle. CAUTION! OleylNH2 is a strong 
highly-corrosive base. Safety goggles, gloves, and a lab coat 
should be worn whenever handling oleylNH2. Effect of carbox-
ylates. Sodium oleate (0.11 mmol, 35 mg), bismuth(III) neodec-
anoate (0.11 mmol, 70 L), S (0.22 mmol, 7.3 mg), and de-
gassed oleylNH2 (5 mL) were stirred at RT under Ar for 0.5–1 
h, heated at 180 °C for 2 h, then cooled by removal from the 
heating mantle. Purification. The crude solution was diluted to 
15 mL with acetone, centrifuged at 5000 rpm for 3 min, and the 
supernatant discarded. The precipitate was then washed with a 
mixture of toluene (~ 0.5–1 mL) and acetone (15 mL). NaBiS2 
synthesized in neat ODE (without oleylNH2) requires further 
purification by a 1:1 water-ethanol mixture (10 mL) to remove 
Na2SO3.  
Optical Characterization. Diffuse-reflectance spectra were 
measured with a SL1 Tungsten Halogen lamp (vis-IR), a SL3 
Deuterium Lamp (UV), and a BLACK-Comet C-SR-100 spec-
trometer. Samples were prepared by drop-casting toluene solu-
tions onto glass slides. Solution absorbance spectra were meas-
ured with a photodiode array Agilent 8453 UV-Vis spectropho-
tometer with solvent absorption (toluene) subtracted from all 
spectra. Band gap values were estimated by extrapolating the 
linear slope of Tauc plots by plotting (Ah)1/r vs. h where A = 
absorbance, h = incident photon energy in eV, r = ½ for direct 
and r = 2 for indirect semiconductors.19 Infrared spectroscopy 
measurements were performed on a Bruker Tensor 37 Fourier 
transform IR spectrophotometer (16 scans, transmittance mode, 
4 cm-1 resolution). 
Structural Characterization. Powder X-ray diffraction pat-
terns were measured using Cu Kα radiation on a Rigaku Ultima 
IV (40 kV, 44 mA) diffractometer using a background-less 
quartz sample holder. Scherrer analysis was performed with 
Jade using a κ value of 0.9. Percent compositions were deter-
mined with PowderCell. Transmission Electron Microscopy 
imaging and selected area electron diffraction were performed 
on an FEI Tecnai G2-F20 scanning transmission electron mi-
croscope. All size distributions contain information from at 
least 300 particles.56 EDS Elemental Mapping was performed 
on an FEI Titan Themis Cubed Aberration Corrected Scanning 
Transmission Electron Microscope (STEM) 
 
Other. X-Ray Photoelectron Spectroscopy measurements 
were performed using a Kratos Amicus/ESCA 3400 instrument. 
The sample was irradiated with 240 W unmonochromated 
Mg Kα x-rays, and photoelectrons emitted at 0° from the sur-
face normal were energy analyzed using a DuPont type ana-
lyzer. The pass energy was set at 150 eV and either a Shirley or 
linear baseline was removed from all reported spectra. Cas-
aXPS was used to process raw data files. XPS spectra were en-
ergy calibrated to the C 1s peak position at 284.6 eV. Bi 4f and 
S 2p were deconvoluted by applying constraints that require the 
Bi 4f 5/2 and 4f 7/2 peaks to have a ratio of 3:4 with a peak 
separation of 5.3 eV. Gas Chromatography-Mass-Spectrometry 
was performed on an Agilent 8453 nominal mass GC-MS based 
on quadrupole technology with a DB5 column. The column was 
maintained at 40 °C for 4 min, then heated to 320 °C over 15 
min. 
Calculations. Electronic structure calculations were per-
formed using the Vienna Ab-initio Simulation Package 
(VASP)52 with projected augmented-wave (PAW) pseudopo-
tentials with a cutoff energy of 500 eV and a convergence en-
ergy of 1x10-6 eV. A conjugated algorithm was applied to the 
structural optimization with an 111111 Monkhorst-pack k-
points grid. During structural optimization, atomic coordinates 
and cell volumes were allowed to relax. Total energies were 
calculated using the tetrahedron method with Blöchl corrections 
applied. All calculations treated exchange and correlation by 
the local density approximation (LDA). Band gaps were deter-
mined from DOS calculated by TB-mBJ53,54 using the experi-
mental lattice parameter. TB-mBJ band gaps generally better 
agree with experiment, while LDA considerably underestimates 
them.57,58 Each coloring pattern investigated was constructed 
using 2x2x2 supercells composed of 16 atoms each. 
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